ABSTRACT The inßuence of garden symphylan (Scutigerella immaculata Newport) root feeding on crop health was measured in the laboratory and in the Þeld. In the laboratory, the relative susceptibility of sweet corn (Zea mays L.), potato (Solanum tuberosum L.), spinach (Spinacia oleracea L.), and tomato (Lycopersicon esculentum L.) to S. immaculata feeding was investigated by subjecting each crop to three levels of pest pressure (0, 15, and 45 S. immaculata). As S. immaculata densities increased from 0 to 45, root length and dry weight of above-ground plant parts of 1-wk-old spinach and tomato seedlings were reduced from 85 to 98%, whereas corn root length was reduced by 34%. Potato and corn dry weight and potato root length were not reduced. The pest-host association was investigated in the Þeld by examining the relationships between estimated S. immaculata densities and two vegetational parameters: (1) crop health measured by the normalized difference vegetation index (NDVI) and (2) post-tillage spring weed densities. S. immaculata densities were estimated using a baiting method. NDVI in corn and potato was only slightly reduced with increasing within-Þeld S. immaculata densities after adjusting for spatial autocorrelation. Squash and broccoli showed sharp decreases in NDVI at densities from 1 to 10 S. immaculata. The nonlinear asymptotic form of the Bleasdale-Nelder curve was selected as the best curve to describe the damage/pest relationship for all crops using Akaike information criteria. The relative susceptibilities of direct seeded crop varieties to S. immaculata in western Oregon reported in 1937 by Morrison were reanalyzed to make comparisons with our data. In further analysis, seed size seemed to be linearly related with susceptibility of direct-seeded crops to S. immaculata. Stand count was predicted to increase by 0.24% for each 1-mg increase in seed size. These Þndings will be used to help develop action thresholds and sample size requirements and to help reduce S. immaculata damage by avoiding the planting of highly susceptible crops at sites with high S. immaculata populations.
GARDEN SYMPHYLANS (Class Symphyla, Scutigerellidae: Scutigerella immaculata Newport) are worldwide pests of roots and other below-ground parts of Ͼ100 plants and fungi (Morrison 1953 , Edwards 1957a . Widely distributed in the United States (Waterhouse 1970) , garden symphylans were Þrst recognized as a pest (of asparagus) near Sacramento, CA, in 1905 (Woodworth 1905) and have been particularly problematic in the western states of Oregon and California. In these states, growers sustained major crop losses because of S. immaculata through the 1930s and 1940s until the alternate use of infested land (e.g., switch from vegetable to tree fruit production) and increased pesticide use in the 1950s permitted crop production in S. immaculataÐinfested soils (Howitt 1959a , b, Howitt et al. 1959 , Berry and Robinson 1974 .
Current management strategies are still predominately chemical, and although they are generally effective in reducing crop losses, garden symphylans remain ubiquitous. The ability of S. immaculata to retreat to a depth of several meters in the soil when surface conditions are unfavorable, coupled with the capacity to persist when no host plant is present by feeding on organic matter and other soil fauna, makes eradication unlikely and promotes latent populations (Michelbacher 1938) . The signiÞcance of these latent populations has been evidenced by severe losses caused by S. immaculata in many organic and reducedinput farming systems in Oregon and California over the past decade (Seydel 1999 , Peachey et al. 2002 . Additionally, the removal (and impending loss) of many soil pesticides poses a threat of widespread losses to S. immaculata in more pesticide-reliant systems.
These increasingly frequent crop losses from S. immaculata have fostered interest in improving management through further reÞnement of sampling methods and the development of alternative management tactics. Central to these objectives is a thorough understanding of the relationship between S. immaculata root feeding and plant health. Accurate sampling is of limited use when meaningful thresholds are not clearly deÞned. Also, an understanding of relative crop susceptibility may in itself provide an effective alternative management tactic simply by avoiding the planting of susceptible crops at sites with high pest densities.
Little is known about the quantitative relationship between S. immaculata densities and plant health within and among plant species. In the laboratory, snap bean (Phaseolus vulgaris L.) leaf water potential, carbon dioxide assimilation, root and shoot dry weight, and fresh weight of pods were reduced as S. immaculata density increased from 0 to 10, but they were not reduced as density increased from 0 to 5 S. immaculata (Eltoum and Berry 1985) . Fifty S. immaculata were shown to decrease the dry weight of broccoli (Brassica oleracea L.) (Simigrai and Berry 1974) , corn (Zea mays L.), and snap beans (Ramsey 1969) .
In the Þeld, however, results have been inconsistent (Morrison 1953 , Howitt et al. 1959 . Elucidation of S. immaculata-crop relationships is difÞcult because of patchy distributions and vertical movement, which can require extensive resources to obtain accurate population density estimates (Morrison 1953 , Howitt et al. 1959 . Also, distinct feeding/molting cycles (Edwards 1959 ) complicate determination of the percent of the population in damaging stages. Nonetheless, several studies have loosely identiÞed relationships between S. immaculata infestations and vegetational parameters such as weed density (Howitt 1959a) , yield Bullock 1955, Howitt 1959a) , dry weight (Simigrai and Berry 1974) , stand counts (Morrison 1937, Gould and Edwards 1968) and qualitative measures (Howitt et al. 1959 ). However, in these studies, only limited documentation of S. immaculata sampling methods and density estimates was provided.
In the most comprehensive susceptibility work, Morrison (1937) found that the stand counts of 20 different crop varieties differed greatly in S. immaculataÐinfested soil, with beans performing better than crops such as carrots (Daucus carota L.), lettuce (Lactuca sativa L.), and spinach (Spinacia oleracea L.). However, Morrison failed to address crop susceptibility to any great extent in his work with S. immaculata in the following 28 yr (Morrison 1953 (Morrison , 1965 , commenting that "virtually all row crops are susceptible to S. immaculata attack. Potatoes (Solanum tuberosum L.) may be the one exception to this statement" (Morrison et al. 1947) .
Among all documented Þeld studies, only Morrison (1937) examined the relative susceptibility of different crops, and only Eltoum and Berry (1985) investigated damage over a range of pest densities. Therefore, because of the clear need for further research concerning the pest-host relationship, we had three objectives: (1) to evaluate the pest-host association in the Þeld by quantifying the relationship between estimated S. immaculata densities and crop health and post-tillage spring weed densities, (2) to determine the susceptibility of sweet corn, potato, spinach, and tomato (Lycopersicon esculentum L.) under three levels of pest pressure in the laboratory, and (3) to reanalyze the direct seeded crop susceptibility data presented by Morrison (1937) to make comparisons with our data.
Materials and Methods
Field Study. The pest-host association was investigated in the Þeld by examining the relationships between S. immaculata densities and two vegetational parameters: crop health as measured by the normalized difference vegetation index (NDVI) (Tucker 1979) as well as weed density as measured by posttillage spring weed counts. NDVI is a vegetation index that uses the infrared portion of the electromagnetic spectrum. Decreases in this index have been associated with increasing crop stress from factors such as insect feeding (Carter et al. 1998 ) and weather damage (Silleos et al. 2002) . Howitt (1959a) reported a relationship between S. immaculata populations and weed densities. We had also observed a possible relationship between S. immaculata populations and weed densities and wanted to investigate further to evaluate the use of weed counts as a possible indicator for S. immaculata populations to aid in sampling.
Site Selection. Because S. immaculata have patchy distributions and poorly understood shifts in population levels (Howitt et al. 1959) , we needed to develop rigorous site selection criteria. For this study, candidate sites for measurement of NDVI were required to meet four criteria: (1) no pesticides applied for soil arthropods in the past year, (2) a minimum area of 400 m 2 , (3) a history of S. immaculata pressure, and (4) annual monoculture crop grown. Candidate sites for the measurement of weed density were required to meet criteria 1Ð3 with two additional requirements that spring tillage occurred at least 3 wk before sampling and planting (to allow weeds to germinate) and no herbicides were applied after spring tillage.
Six sites were located that met the selection criteria. Of the acceptable sites, four met the NDVI criteria; these were monocultures of broccoli (variety ÔEver-estÕ), squash (Cucurbita pepo L. vars. ÔDelicataÕ, ÔAcornÕ), corn (variety ÔEarly SunglowÕ), and potato (variety ÔRusset BurbankÕ) ( Table 1) . Two sites met the weed density criteria (Table 1) . No sites met both the NDVI and weed density criteria.
Sampling. Because of reported difÞculties in sampling S. immaculata and our interest in spatial patterns, a spatially implicit sampling program was implemented. Experimental units were delineated by superimposing a 4 m by 4 m grid over each Þeld so that the total number of experimental units per site ϭ site area/experimental unit area (16 m 2 ; Table 1 ). Scutigerella immaculata were sampled using the potato bait sampling method (William 1996) . For each bait (sample unit), a longitudinally sliced number 80 russet potato (227Ð369 g) was placed, sliced side down, on the soil surface and covered with a 16.5 cm diameter by 12.7 cm high white no hole pot (pot JMCJD50; McConkey Co., Woodburn, OR). One bait was placed in the center of each experimental unit and left undisturbed for 36 Ð 48 h. S. immaculata were sampled by carefully lifting the potato and counting the S. immaculata on the soil and then counting the S. immaculata on the potato. S. immaculata on the potato were removed from the site. After the Þrst sampling event, the sampling location was moved Ϸ60 cm from the initial location within the experimental unit. Then a thin surface of the potato (Ϸ 3 mm) was removed, and the potato was placed under the pot. These two sampling events were treated as subsamples and averaged together to obtain the S. immaculata density estimate for each experimental unit. Sampling at each site was completed in the morning to help control for variability caused by daily temporal population shifts.
Weed densities were estimated by counting the total number of plants emerging in three randomly selected 0.5-m 2 sample units within each experimental unit. The three sample units were averaged to obtain the weed density estimate for the experimental unit. Weed sampling was completed during 1 d within the same week as S. immaculata sampling. Because sampling occurred before planting, all of the plants present were classiÞed as weeds, including volunteer crop plants. Species determinations were not possible because many of the weeds had not yet developed true leaves.
Aerial photographs used to calculate NDVI were taken using an automatic Nikon (model Lite Touch QD, Nikon Corporation, Tokyo, Japan) camera with Kodak Ektachrome Professional Infrared EIR slide Þlm and a no. 12 Kodak gelatin Þlter (Eastman Kodak Company, Rochester, NY) . The camera was mounted on a helium balloon attached to a cord that was marked in meters and housed and guided with a halibut Þshing rod. We used a remote controller to operate a servo that depressed the shutter release on the camera. All photographs were taken from an elevation of Ϸ150 m above the ground within 2 h of sunrise. At this time, wind was usually minimal, and the sun angle was consistent between sites. S. immaculata sampling pots, placed at known locations in each Þeld and clearly visible in the low elevation aerial photographs, were used as ground control points.
Photographs were scanned at 300 dots per inch (Nikon super cool scan 4000 ED) and imported into Idrisi (Eastman 1997) . In Idrisi, images were resampled to the coordinate system of each experimental sampling grid and down to the lower resolution of 10 cm 2 , which was predetermined to be the largest pixel size that maintained the detail required for subsequent analyses. The root-mean-square error (Eastman 1997) was used to assess the level of geometric distortion in the images.
The near infrared and red wavelengths of the resampled images were used to produce NDVI images using the formula: NDVI ϭ NIR Ϫ R/NIR ϩ R, where NIR and R are the near infrared and red portions of the electromagnetic spectrum (Tucker 1979) , 0.70 Ð 0.90 and 0.63Ð 0.69 m, respectively. The NDVI images were sampled by taking four 1-pixel sample units from the geometric center of each experimental unit. When these pixels included part of an alley between rows or one of the white ground control pots, the next pixel to the north or south (depending on the location of the obstruction) was used in its place. The four sample units were averaged to obtain the NDVI estimate for the experimental unit.
Photographs of each crop were taken within 2 wk of harvest for the corn, potatoes, and broccoli (Table 1) . Photographs of the broccoli were taken on two dates, each within 2 wk of harvest, but corresponding to the different planting dates for portions of the Þeld (Table 1) . Because of the stunted growth of the squash, the grower was considering an alternate use for portions of the Þeld. The squash, therefore, was photographed 5 wk before harvest (Table 1) .
Statistical Analyses. Initially we determined the appropriateness of each of four models, or hypotheses, to describe the relationship between densities of S. immaculata and vegetational parameters at each site. After determining which model Þt best at each site, we selected the model that Þt best over all sites for each response variable. The four models, where y ϭ vegetational parameter and x ϭ S. immaculata density, were: age, predicts a nonlinear relationship, where t ϭ tolerance level, or pest density at which damage is Þrst evident; m ϭ value of measured vegetational response remaining at high pest densities; and z ϭ slope parameter (Seinhorst 1965) .
Ϫ1 ϩ ⑀, is a two-parameter model used to model the relationship between plant density and yield (Mead 1979) . It predicts an asymptotic relationship. The reciprocal of ␤ 1 can be interpreted generally as the value of the response when no pest pressure is present ("genetic potential") (Ratkowsky 1983) , although not interpretable as such for this study because the responses were standardized (described below). The parameter ␤ 2 is a biologically meaningful parameter that is related to the value of the response at the highest observed pest densities ("environmental potential") (Ratkowsky 1983) , because x ϫ y approaches 1/␤ 2 at high pest densities (x 3 ؕ). However, no allowance is provided for a tolerance level (e.g., the "t" in the Seinhorst equation) or constant amount of vegetation at high pest densities (e.g., the "m" in the Seinhorst equation). The reciprocal curve is embedded in a number of other yield-density curves (Seber and Wild 1989) . 4. The Bleasdale-Nelder curve (or BleasdaleÕs simpliÞed equation), y ϭ (␤ 1 ϩ ␤ 2 ϫ x) Ϫ1/␤3 ϩ ⑀, is a three parameter model also used to describe yield-density relationships (Bleasdale and Nelder 1960, Ratkowsky 1983 ). Similar to the reciprocal curve, this curve has no allowance for a tolerance level ("t" in Seinhorst equation) but has greater ßexibility than the reciprocal curve because of the addition of the third parameter, ␤ 3 , which allows this curve to also describe parabolic functions. This curve is equal to the reciprocal curve when ␤ 3 ϭ 1, but in other cases, the addition of this parameter confounds the biological interpretation of ␤ 2 (Ratkowsky 1983 ).
Model Fitting. The data from each site were transformed to relative values using the formula y i /y x ϭ 0 , where the ith response measurement was divided by the average response at zero S. immaculata density. All models were Þtted using the MIXED procedure in SAS (SAS Institute 1999), which uses restricted maximum likelihood estimation (REML) to estimate variance components and allows for both Þxed and random effects, along with correlated error structures. The NLINMIX macro was used to Þt the nonlinear models (Littell et al. 1996) .
Because S. immaculata occur in clumped distributions (Michelbacher 1949) , we suspected that the data failed to meet the independence assumption (i.e., uncorrelated errors). We therefore examined the residuals from the Þtted models for spatial autocorrelation by calculating MoranÕs I autocorrelation statistic:
2 at 5 m distance classes (S-Plus 2000). MoranÕs I describes the correlation between pairs (y i , y j ) of observations at a distance of h units apart, where the strength or weight of the relationship between each pair ( ij ) is one if the pair is in the same distance class and 0 otherwise, and W is the sum of these weights (Moran 1950) . MoranÕs I ranges from Ϫ1 to 1, and null hypothesis of no spatial autocorrelation is therefore I ϭ 0. We considered that the rejection of the null hypothesis (P Ͻ 0.05) for any distance class indicated that the independence assumption was not tenable and that the Þtted model was not appropriate without adjustment.
When signiÞcant autocorrelation was diagnosed, the initial regression model was adjusted by incorporating additional covariance parameters to account for the correlation structure of the errors as follows. Three standard semivariogram models (spherical, exponential, and gaussian) were sequentially Þtted to the empirical semivariance (␥):
n(h) (y i Ϫ y j ) 2 (notation as above) of the autocorrelated residuals to obtain estimates of the sill, range, and nugget (nugget optional) for each semivariogram in S-plus (S-Plus 2000). These estimates were used in PROC MIXED to model the covariance structure of the regression model by selecting and parameterizing each respective correlation structure (spherical, exponential, gaussian) through the use of the REPEATED statement. The covariance structure that produced the smallest Ϫ2 REML log-likelihood (largest likelihood) was used in the Þnal regression model. Although PROC MIXED can estimate the parameters of a speciÞed correlation structure directly using REML, we used empirical estimates because the REML estimates were frequently found to be inappropriate for our data in preliminary analyses; this is a documented occasional problem of PROC MIXED (Littell et al. 1996) . The signiÞcance of the addition of spatial covariance parameters to each regression model was evaluated by comparing the likelihood ratio statistic: (Ϫ2 REML log-likelihood independent error model) Ϫ (Ϫ2 REML log-likelihood adjusted model), to a 2 distribution with two degrees of freedom, resulting from the addition of two covariance parameters (Sill and Range) (Littell et al. 1996) .
Model Selection. The coefÞcient of determination was not used in the model selection process because it was not appropriate when the errors were correlated. The best model for each site was selected using Akaike information criteria (AIC c ):
where log(L data)) is the maximized loglikelihood (REML) over the parameters for a speciÞed model, and K is the number of parameters in the model (Burnham and Anderson 1998) . Because AIC c values are relative, they were rescaled by subtracting the lowest AIC c value from every other AIC c value (⌬ i ϭ AIC ci Ϫ min AIC c ) (Burnham and Anderson 1998) . For each site, the model with the lowest AIC c value (⌬ i ϭ 0) was selected as the best of the three models.
Akaike weights, i ϭ exp(Ϫ0.5⌬ i )/¥ rϭ1 R exp(Ϫ0.5⌬ r ), were computed to compare models within a site. These weights were interpreted as the probability that model i is the best of the four models, where i / j is the relative likelihood of model i compared with model j (Burnham and Anderson 1998) . Laboratory Study. The relative susceptibility of sweet corn (variety ÔEarly SunglowÕ), potato (variety ÔRusset BurbankÕ), spinach (variety ÔBloomsdale SavoyÕ), and tomato (variety ÔEarly GirlÕ) to S. immaculata was investigated by subjecting each crop to three levels of pest pressure (0, 15, and 45 S. immaculata), with 10 replications in a completely randomized design with factorial arrangement of treatments.
Rearing and Potting Media. Chehalis (Fine-silty, mixed, superactive, mesic Cumulic Ultic Haploxeroll), an alluvial soil in which S. immaculata are commonly problematic in western Oregon, was used for a rearing and potting media. Soil was sieved to 4 Ð 6 mm to allow S. immaculata to move freely (Edwards 1957b) through the media. Soil was frozen at Ϫ80ЊC for 48 h to kill S. immaculata and predators, such as centipedes, without destroying the soil structure.
Scutigerella immaculata. Garden symphylans were collected from two sites near Corvallis, OR, from 15 May to 10 June using the bait collection method described above. Every 2Ð 4 d, baits were checked, and S. immaculata were transferred into 6 by 6 by 4 cm plastic containers Þlled to a depth of 2 cm with prepared soil. By using baits, only feeding S. immaculata were collected, thus reducing variation caused by feeding stages. S. immaculata were not provided with living plant material while in rearing containers. On 8 June, the treatments were prepared using a metal spatula to transfer 2,400 mature S. immaculata in 40 cohorts of 15 and 40 cohorts of 45 onto 80 100-mm petri dishes Þlled with 2 mm of plaster of paris.
Potting System. Pots were constructed especially for this experiment to maintain similar moisture content between pots and provide S. immaculata with a moisture gradient within which they could seek an optimum. Pots consisted of 7.6 cm diameter (external) polyvinyl chloride (pvc) pipe, which stood in 7.6 cm diameter (internal) pvc repair couplers Þtted into 15 cm diameter by 2 cm deep concrete bases. Pots were placed on a greenhouse bench and subirrigated by ßooding the bench to a depth of 5 cm, using an automatic ßoat valve (Miller Manufacturing, Eagan, MN) . This system allowed manipulation of the moisture gradient by either changing the height of the pot or by manipulating the media pore size (soil sieved to different diameters) while maintaining a constant water level. For this experiment, 25.4-cm-high pots were Þlled with porous volcanic pumice to a depth of 2 cm above the water level and prepared soil in the remaining 20.4 cm.
Untreated seeds/seed pieces of each crop were started in peat moss in a mist chamber at 25ЊC. Homogenous 7-d-old seedlings were transplanted into pots 1 d before application of treatments. Plants were fertilized with 10 ml of fertilizer (14.8 cc 20 Ð20-20 NÐPÐK,/3.9 liters water) biweekly.
Data Collection and Statistical Analysis. We measured the dry weight of above-ground plant parts and root length 28 d after application of treatments. The above-ground plant parts were removed and dried in an oven at 45ЊC for 5 d to obtain the above-ground dry weight for each replicate. Roots for each replicate were removed from the soil, washed, patted dry with paper towels, cut into 2-cm sections, homogenized by hand-mixing, and weighed. Root length was calculated for a 1-g root subsample from each replicate using the method of Kaspar and Ewing (1997) . Root length for each replicate was calculated using the formula: total root length ϭ subsample root length ϫ (total wet weight/subsample wet weight).
Data were checked for normality and constant variance. Analysis of variance (ANOVA) was used to test whether the average dry weight of the above-ground plant parts and root length of each crop differed (P Ͻ 0.05) among S. immaculata treatments (12 planned comparisons for both response variables) using SAS (SAS Institute 1999).
Further Analysis of Previously Reported Experimental Results. The relative susceptibilities of direct seeded crop varieties to S. immaculata reported by Morrison (1937) , published only in a yearly report, were reanalyzed to make comparisons with our data. For these data, 20 crop varieties were direct seeded on 19 July 1937 into 3.04-m 2 plots in what was considered generally homogenous S. immaculata infested soil (2Ð7 S. immaculata/30.5 cm 3 ) in western Oregon to investigate crop susceptibility using a randomized complete block design with Þve replications. Crops were irrigated weekly, and stand counts were made on 10 August. Percent germination of the seeds of each crop was measured in the laboratory. S. immaculata densities were estimated for each replication on 8 Ð11 September by hand counting the number of S. immaculata in three soil sample units (30.5 by 30.5 by 30.5 cm).
Reported stand counts were adjusted for variable germination by multiplying the observed stand counts by the percent laboratory germination reported by Morrison (1937) . Adjusted stand counts for each crop were then ranked and plotted. ANOVA was used to test whether the stand counts of crops differed signiÞcantly (P Ͻ 0.05). Paired comparisons were then made between crops reported by Morrison (1937) , which were also used in our study (corn, spinach, squash, and tomato). The adjusted stand counts were regressed against approximate seed size for each crop (AOSA 1998).
Results
Field Study. Scutigerella immaculata densities at the six sites ranged from 0 to 37 S. immaculata per sample unit (Fig. 1) . Root-mean-square errors from the resampling of the aerial images were 0.11, 0.26, 0.24, 0.86, and 0.50 m for the squash, broccoli date 1, broccoli date 2, corn, and potato plots, respectively. NDVI in the four crop plots ranged from 0.018 to 0.549 (Fig. 1) . In potato and corn, the average NDVI at zero S. immaculata density was 0.47 and 0.36, respectively. For these crops, NDVI was 0.47 and 0.36 at the greatest observed densities in each crop (23 and 35 S. immaculata per sample unit). In squash and broccoli, the average NDVI at zero S. immaculata density was 0.25 and 0.23, respectively. NDVI was 0.07 at the greatest observed densities in each crop (24 and 39 S. immaculata per sample unit).
Weed densities in the two weed plots ranged from 0 to 37 weeds per 0.5 m 2 (Fig. 1) . The average weed density at zero S. immaculata density was 19.4 for plot 1 and 10.5 for plot 2. An average of 0 weeds was present in the experimental unit with the greatest S. immaculata density in plot 1. An average of 1.7 weeds was present in the experimental unit with the greatest S. immaculata density in plot 2 (Fig. 1) .
Residuals from the Þtted models were positively autocorrelated (P Ͻ 0.05) at all sites other than the squash site ( Table 2 ). The addition of spatial covariance modeling of the residuals signiÞcantly reduced the Ϫ2 REML log-likelihood of each of these models, except for the Seinhorst model at the corn site ( Table  2 ). The spherical covariance structure was the best (smallest Ϫ2 REML log-likelihood) covariance structure in 18 of the models, and the gaussian covariance structure was the best covariance structure in 6 of the models (Table 2) .
For all crops, the Bleasdale-Nelder curve had the lowest AIC c (Table 2 ) and thus the highest rank (Table 2) . No other models were close competitors at any site (Table 2 ). The closest competitor to the Bleas- LL, Ϫ2 REML log-likelihood for the initial model Þts; autocorre, presence of positive autocorrelation (P Ͻ 0.05) in the residuals of the initial model Þts using MoranÕs I; Cov. Stru., the spatial covariance structure (sph ϭ spherical, gau ϭ gaussian) that produced the largest Ϫ2 REML log-likelihood; Adj. LL, the Ϫ2 REML log-likelihood of each model after the addition of two spatial covariance parameters; ⌬LL, the reduction in the Ϫ2 REML log likelihood after adding covariance parameters.
a Statistically signiÞcant reduction (P Ͻ 0.05) from a likelihood ratio test (see text). AIC C , Akaike information criteria; ⌬AIC C , AIC C Ϫ min AIC C ; , AIC weight; Rank, rank of each model at each site based on AIC criteria.
dale-Nelder curve for any crop was the Seinhorst curve in the broccoli crop, but even in this case, the Bleasdale-Nelder curve was better ( ϭ 0.994). Considering the Seinhorst curve, the values of the tolerance level (parameter "t") for squash, broccoli, corn, and potato were, respectively, Ϫ0.002 Ϯ 0.039, 0.5302 Ϯ 0.600, 0.002 Ϯ 0.290, and Ϫ2.423 Ϯ 6.484. For the weed plots, the reciprocal curve Þt best in plot 1 ( ϭ 0.87), and the Bleasdale-Nelder curve Þt best in plot 2 ( ϭ 0.78). The average AIC C weight for the two sites was 0.87 for the reciprocal curve and 0.78 for the Bleasdale-Nelder curve. Thus, the reciprocal curve was selected as the best overall curve. However, the Bleasdale-Nelder curve was a very close competitor.
The Þnal models for potato and corn predicted a 3Ð 6% decrease in the transformed NDVI as density increased from 0 to 5 S. immaculata per sample unit, with Ͻ0.5% added decrease as densities increased to 15 S. immaculata per sample unit (Fig. 2) . The Þnal models for the squash and broccoli plots predicted 65 and 40% decreases in the adjusted NDVI as density increased from 0 to 5 S. immaculata per sample unit (Fig. 2) and a 71Ð 49% decrease as density increased from 0 to 15 S. immaculata per sample unit. The Þnal models for the weed plots 1 and 2 predicted a 68 and 74% decrease in relative weed density as S. immaculata density increased from 0 to 5 S. immaculata per sample unit and an 87Ð90% decrease as density increased from 0 to 15 S. immaculata per sample unit (Fig. 2) . Fig. 2 . Final models after transforming data and adjusting for spatial autocorrelation parameters (ϮSE) for BleasdaleNelder model for each of four crops (potato, corn, squash, broccoli) and for the reciprocal curve for two weed plots. Sei  Ble   2  2  3  3  2  2  3  3  2  2  3  3  106  62  59  47  131  37  42  40  189  133  138  132  Y  Y  Y  Y  Y  Y  Y  Y  Y  Y  Y  Y  sph  sph  sph  sph  sph  sph  sph  sph  sph  sph  sph  sph  62  43  37  26  41  12  15  16  153  121  125  116 Laboratory Study. The interaction between food source and S. immaculata density was signiÞcant for both root length (F ϭ 5.19; df ϭ 6, 106; P Ͻ 0.0001) and dry weight of above-ground plant parts (F ϭ 9.37; df ϭ 6, 106; P Ͻ 0.0001). Potato root length and dry weight were not signiÞcantly different (P Ͼ 0.05 for all combinations) among the three S. immaculata densities (Fig. 3) . Corn dry weight was not signiÞcantly different among the three S. immaculata densities (Fig. 3) . Corn root length at the high S. immaculata density was 34% (95% CI: 23, 45) lower than when no S. immaculata were present and 33% (95% CI: 21, 44) lower than when 15 S. immaculata were present. Tomato root length and dry weight were reduced by 93 (95% CI: 57, 129) and 88% (95% CI: 66, 110), respectively, as density increased from 0 to 45 S. immaculata per pot, and by 92 (95% CI: 47, 136) and 85% (95% CI: 55, 114), respectively, as density increased from 15 to 45 S. immaculata per pot (Fig. 3) . Four of the tomato plants were killed at the density of 45 S. immaculata per pot. Spinach root length and dry weight were reduced by 98 (95% CI: 59, 137) and 89% (95% CI: 27, 151), respectively, as density increased from 0 to 45 S. immaculata per pot. Spinach root length, when 15 S. immaculata were present, was 69% (95% CI: 30, 108) lower than when no S. immaculata were present. Two spinach plants were killed at the S. immaculata density of 15, and seven spinach plants were killed at the density of 45 S. immaculata per pot.
Comparison with Previously Published Results. Stand counts varied signiÞcantly among the different crops (F ϭ 62.67; df ϭ 19, 80; P Ͻ 0.0001). The stand count in the Þeld corn was signiÞcantly greater than in squash (P Ͻ 0.0001), tomato (P Ͻ 0.0001), and spinach (P Ͻ 0.0001). Stand counts were 68% (95% CI: 56, 46) lower in spinach and tomato and 32% (95% CI: 19, 44) in squash than in the Þeld corn.
The susceptibility of the ranked varieties was generally inversely related to seed size (Fig. 4C) . In linear regression analysis, seed size had a signiÞcant effect on stand count (F ϭ 71.84; df ϭ 1, 18; P Ͻ 0.0001). Seed size explained 79% of the total variation in stand counts. The regression model predicted an intercept of 6.84 (95% CI: Ϫ3.5, 17.2) and an increase in stand count of 0.24% for each 1-mg increase in seed size (95% CI: 0.18, 0.30).
Discussion
The crops examined in this study exhibited strikingly different susceptibilities to S. immaculata in laboratory and Þeld trials and reanalysis of previously published work. Description of these damage relationships will aid in developing sampling recommendations and action thresholds and may help reduce damage from S. immaculata by simply avoiding the planting of highly susceptible crops (or crop stages such as seeds) in sites with high S. immaculata populations.
In the laboratory, tomato and spinach seedlings seemed to be considerably more susceptible to S. immaculata pressure than corn and potato seedlings, and in the Þeld, corn and potato seemed to be less susceptible than broccoli and squash. Our Þndings in the laboratory and Þeld support the Þndings of Morrison (1937) , whose reported stand counts of corn (popcorn Fig. 3 . Dry weight (g) and root length (cm) for four crops (potato, corn, tomato, spinach) at three levels of S. immaculata pressure (Ϯ95% CI from pooled SE from ANOVA). Means followed by the same letter do not differ signiÞcantly (P Ͼ 0.05) from other means within each crop.
and Þeld corn) were signiÞcantly greater than that of tomato and spinach and squash in S. immaculataÐ infested soil. Morrison et al. (1947) , moreover, suggested that potato may not be very susceptible to S. immaculata feeding, although direct damage to tubers has been reported (Morrison et al. 1963) . When analyzed further, MorrisonÕs (1937) stand count data also seemed to be generally related to seed size. Seed size has been shown to be related to features such as seedling vigor (Leishman et al. 2000) .
Sweet corn showed a relatively high ability to withstand S. immaculata feeding compared with tomato, squash, broccoli, and spinach. However, these Þndings were somewhat surprising because S. immaculata, historically, have been considered very problematic in corn (Howitt et al. 1959 , Morrison 1965 , Gould and Edwards 1968 . This discrepancy may result from variable susceptibility of corn varieties (reported in different studies) to S. immaculata feeding. It is also possible that previously reported damage in corn occurred in plots with higher S. immaculata densities than we observed. Damage may also be inßuenced by interactions with S. immaculata root wounding and soil pathogens (Edwards 1957a) , planting date (Morrison 1965), stage of crop (e.g., seed versus large transplant) (Edwards 1957a) , fertilization, and irrigation. Therefore, variation in susceptibility within crops, between sites, studies, and/or years, is not uncommon (Howitt et al. 1959) . For example Morrison (1937) was surprised at how well the bean varieties performed in his susceptibility trial, because S. immaculata were a perennial problem in western Oregon beans in the 1930s.
The scope of inference and practical applications of our work are clearly limited by the sites and conditions that were possible to include in the Þeld study and the obvious limitations of laboratory studies. However, these data collectively provide a reasonable starting point for developing sample size requirements, interpreting population density estimates, and ultimately developing thresholds. The description of the relationship between NDVI and S. immaculata densities in the Þeld, in particular, is of potential beneÞt for calculating sample size requirements and determining action thresholds. Although laboratory damage relationships are beneÞcial for describing relative susceptibilities at absolute S. immaculata densities, the use of these relationships in the Þeld is not tenable because relative sampling methods are used for most agricultural purposes. Because estimated densities (relative) increased from 0 to 15 S. immaculata per sample unit, the adjusted NDVI decreased dramatically at very low S. immaculata densities in the Þeld for the squash and broccoli. Additionally, the Seinhorst model predicted that the estimated density at which damage was evident (parameter "t", tolerance level) was Ͻ0.6 S. immaculata per sample unit for all four of the crops examined. It is possible that greater tolerance levels may be observed in the squash and broccoli under different management conditions (e.g., larger transplants), or in sweet corn and potatoes under more intense S. immaculata pressure or different management conditions (e.g., water stress or high plant pathogen levels).
Other than making generalizations such as these, the development of speciÞc thresholds using our data alone is probably not tenable, particularly considering populations change temporally, and S. immaculata populations estimated in early spring (when sampling often occurs) are generally lower than those estimated in early summer (as was done in our study). To develop general thresholds that would be practical, factors such as the temporal trend of S. immaculata populations and economic factors such as the value of the crop and the cost of management (e.g., pesticide application) must be taken into account. Some of these factors are further addressed, along with additional work in a complementary study focused on sampling for S. immaculata (Umble and Fisher 2003) .
Because minimal estimated S. immaculata densities are associated with steep reductions in plant health in highly susceptible crops, a large, possibly prohibitive, number of sample units may be required to precisely estimate densities before planting such crops (because sample size is generally inversely related to pest density). It is these prohibitive sample size requirements that contribute to the use of preventative pesticide applications. In general, it may be unwise to plant highly susceptible crops in S. immaculataÐ infested soil after crops that support high populations, such as white mustard (Sinapsis alba L. variety ÔMartiginiaÕ) (Peachey et al. 2002) .
Indirect measures, such as post-tillage spring weed densities, may aid in directing sampling and estimating the scope and magnitude of infestations. Weed densities have been shown to be related to S. immaculata densities in previous studies (Howitt 1959a) , and in this study, weed densities decreased with increasing S. immaculata densities (Fig. 2) . This relationship has similarities to the S. immaculata effects on stand counts of a small-seeded crop (because weeds are germinating from seed), although weed patchiness may result from numerous other factors.
In our experience, the pattern of the density/health of weeds that are present before tillage in western Oregon often does not show a strong relationship to S. immaculata densities. We speculate that this may occur because (1) the pattern of S. immaculata densities shifts through the period when weeds are germinating (often in fall and winter depending on location) to the period before spring tillage, (2) some weeds survive through S. immaculata feeding and obscure the pattern, and (3) S. immaculata feeding in late fall and winter is probably not as intense as in late spring. The use of weed densities to direct sampling, therefore, would probably work best when ample time is provided after tillage for weeds to germinate and for S. immaculata to stabilize (after being disrupted by tillage) and to return to the soil surface. Suboptimal moisture conditions (and other factors adding stress to weeds) would likely strengthen the relationship between weed stand counts and S. immaculata densities. Indirect measures should not be used as a substitute for direct S. immaculata counts, but they may provide considerable insight into infestation dynamics.
This study should improve understanding of the relationship of S. immaculata to plant health. Elucidation of this relationship can be used to help develop action thresholds, thereby improving S. immaculata management by increasing sampling accuracy and efÞciency. Post-tillage spring weed densities may also prove useful to help direct sampling efforts. Knowledge of relative susceptibility itself may provide a valuable means of reducing S. immaculata damage by simply avoiding the planting of highly susceptible crops at sites with high S. immaculata populations.
